Copper (I) and silver (I) oxides crystallize with the same structure, and both show a wide range of negative thermal expansion (NTE): Cu 2 O contracts with temperature up to about 200 K and then expands, while Ag 2 O has a NTE up to its decomposition temperature at about 450 K. Here we report a careful temperature-dependent pair distribution function (PDF) analysis that showed that copper oxide, at about 200 K, exhibits geometric distortions of the tetrahedral units, probably related to a change in the solid angle of the polyhedra. Silver oxide, on the other hand, showed the same distortions even at the lowest temperature measured (10 K): structural refinements of the PDF confirmed the presence of local distortions (below 10 Å ) at all temperatures.
Introduction
The simple cuprite structure is shared by cuprite (Cu 2 O) and silver (I) oxide (Ag 2 O) and it can be described by two interpenetrated chains of corner sharing M 4 O tetrahedra, where M represents the metal atom. Both compounds show a wide range of negative thermal expansion (NTE): cuprite contracts with temperature up to about 200 K and then expands (but extremely slowly), while Ag 2 O has an NTE up to its decomposition temperature at about 450 K. These materials have been investigated extensively by coupling the anisotropic displacement parameters (ADPs) measured by diffraction to an accurate EXAFS analysis of higher-order cumulants in the whole accessible temperature range (for the latest results see Refs. [1, 2] ). The tetrahedral units in the structure proved to be much stiffer against stretching than against bond-bending distortions that bring the metal atoms towards each other. The bridging metal atoms show a strong anisotropy in thermal vibrations, larger in the direction perpendicular to the bond than parallel to it. Many of the NTE materials have a similar anisotropy in the measured ADPs, indicating the presence of low-frequency rigid unit modes (RUMs) that can cause rotations of the polyhedral units but that keeps them rigid. In many framework structures, such as ZrW 2 O 8 (NTE from 0.3 to 1050 K) [3] , RUMs are thought to be the origin of NTE, though the full situation may be more complex [4, 5] . In other framework structures, the correlation between RUMs and transverse atomic motion cannot be clearly recognized, even though transverse vibrations of bridging atoms surely play a relevant role in NTE. The cuprite structure is one of the latter: the bridging atoms show a strong anisotropy in thermal motion, but the structure shows a complex local behavior of the metal atoms, with a positive thermal expansion of M-O bonds, coupled with a NTE of only 6 of the 12 s nearest neighbors (M-M) [2] . Up to now, no simple model was found to explain NTE in these materials. There are many factors that can influence their thermal behavior. Although most of them are certainly of vibrational origin, an influence of geometric distortions on NTE cannot be excluded. The presence of static disorder in Ag 2 O [1] was already demonstrated by the large intercept at 0 K of ADPs determined from diffraction. On the other hand, Cu 2 O showed no static disorder whatsoever (the intercept at 0 K was comparable with zero point motion [6] ). All these results suggest the necessity of studying geometric distortions in the cuprite structure. Here we report preliminary results from a temperature-dependent pair distribution function (PDF) analysis. The PDF analysis based on total scattering approach was chosen due to the possibility of studying structural distortions at short range as well as at long range, even though they are not detectable with crystallographic techniques. Moreover, PDF results can be compared directly with EXAFS results, allowing the use of these techniques in a complementary and critical way. This paper aims to present the preliminary data obtained from PDF analysis and to insert them in the scientific background of NTE materials.
Experiments and data reduction
Total scattering neutron diffraction experiments were performed at the beamline GEM at ISIS (Rutherford Appleton Laboratory, Chilton, UK) [7] , with a cryofurnace, from 10 to 375 K every 25 K for Ag 2 [8, 9] . A high-purity vanadium rod, extruded vanadium container, and the sample environment were also collected in order to correct and normalize the data [10] . At each temperature, data were collected for about 5 h. The nominal maximum Q attainable at GEM is about 100 Å À1 [7] . However, the data were used up to Q max ¼ 40 Å À1 for Cu 2 O, and only up to Q ¼ 20 Å À1 for Ag 2 O; the reason for the latter is that data statistics did not allow the use of the high Q range data. Although a longer acquisition time might have solved the problem, the experimental decision was to collect as many temperatures as possible in order to have a detailed temperature dependence. Data reduction was performed with the software PDFGetN [11] . Data analyses and simulations were carried out with the softwares PDFfit2 and PDFgui [12] . However, when the two compounds are compared directly, a Q max of 20 Å À1 was used for both of them in order to obtain a fair assessment of their differences or similarities.
Cuprite structure and its PDF peaks
The cuprite structure is fairly simple, although shared only by two materials: Cu 2 O and Ag 2 O. It belongs to space group Pn3 m, with the metal (M) atoms occupying the positions (4b) and the oxygen atoms occupying the positions (2a). The cuprite structure is made by two interpenetrating lattices, one face-centered cubic (FCC) sublattice of metal atoms and one body-centered cubic (BCC) sublattice of oxygen atoms. Each M atom is linearly coordinated to two O atoms, while each O atom is tetrahedrally coordinated to four M atoms. Alternatively, the cuprite structure can be considered as a framework of two interpenetrating networks of corner shared M 4 O tetrahedra with the cristobalitetype topology. Fig. 1 shows the two networks differentiated by color, being one with red oxygen atoms and cyan metal atoms, and the other with purple oxygen atoms and blue metal atoms.
In order to better understand the features in the G(r), it is necessary to briefly explain the relationship between each PDF peak and the actual atomic distances.
For this reason, the partial PDFs have been calculated [12] , based on the Cu 2 O structure, for the distances Cu-Cu, Cu-O, and O-O. The same partials have been also calculated using only one network of the two in the structure, to be able to differentiate distances from atoms belonging to the same network from those belonging to different networks. The partial PDFs were weighted by appropriate weighting factors related to scattering properties of the atomic species involved [10] . The results of this can be seen in Fig. 2 , with the top part showing the partial for one network only and the bottom part showing the partials for the whole structure. Each diagram also contains the total G(r), simulated under exactly the same conditions, for a quicker comparison. According to the figure, the first peak in the PDF represents the 4 M-O distances within the tetrahedron; the second peak corresponds to 12 M-M distances, of which 6 are within the same network and the other 6 to interactions between atoms belonging to different networks. The third peak is a combination of 6 M-O ARTICLE IN PRESS Fig. 1 . Sketch of the cuprite structure: the two different interpenetrating networks can be clearly distinguished by color, being one with red oxygen atoms and cyan metal atoms, and the other with purple oxygen atoms and blue metal atoms. 
Results of the PDF analysis and comparison with EXAFS data
The position of the first peak in PDF, G(r), constituted by the 4 M-O distances within the tetrahedron, can be used for a direct comparison with EXAFS data [2] , which gives the temperature dependence of this M-O bond length. The peak position in the G(r) was evaluated by fitting a Gaussian profile to the data, while the EXAFS data were taken from Ref. [2] . As can be seen in Fig. 3 , the temperature dependence of this distance is the same from both the techniques and its absolute value is very similar for both the techniques, as expected. It is interesting to note that the Ag-O bond expands more than Cu-O bond. In order to be able to directly compare the results for the two materials, the PDFs were calculated using the same Q max for both (20 Å
À1
). Fig. 4 shows the low-r region of the G(r) of copper (top) and silver (bottom) oxides at selected temperatures. As can be seen from the figure, the first peak is very sharp for both the samples and its shape does not change with temperature, meaning that the 4 distances are still all equal with raising temperature, i.e. there is no measurable distortion of these bond lengths in the tetrahedron. The positions of the other peaks are not so straightforward to understand and to compare with EXAFS results, due to their composite nature. For example, the second peak (at about 3 Å for Cu 2 , and therefore, care should be employed in comparing results regarding these PDF peaks.
We now look at the behavior of the PDF of the two oxides with temperature in more detail. Fig. 4 (upper part) shows selected G(r) of Cu 2 O at different temperatures. Besides what was already said about the first peak, let us now look at the second peak (6+6 Cu-Cu distances): the peak intensity and the peak shape change rapidly with temperature, producing a broader and less intense peak at higher temperatures. In general, the reasons for peak broadening and reduced peak intensity can be found in a purely dynamic disorder (thermal effect), or in geometric distortions (static disorder) that lead to a spread of distances, hence in a broader peak in G(r). A combination of the two effects is also possible. However, the variations in the PDF are far larger than expected for a pure thermal effect (U iso for the PDF measured at 300 K was 0.015 Å 2 for copper and 0.018 Å 2 for oxygen, and still the fit was rather poor (R w ¼ 0.181)). In Fig. 5 the G(r)s of the Cu 2 O structure was calculated with different sets of thermal parameters, similar to those obtained from Rietveld analysis of the same data. The thermal parameters used were:
Cu 2 O
The simulations were made with Q max ¼ 20 Å
À1
. Two main observation can be made from the comparison between the experimental and the simulated data: (1) the decrease in intensity of the third peak is much larger in the experimental PDF than in the simulated PDF; (2) in the ARTICLE IN PRESS 
The simulations are made with
. These results can be compared with the experimental PDFs shown in Fig. 4. third peak, a shoulder starts to appear on the high-r side at about 200 K, and further develops at 300 K. This shoulder is not an artefact from the Fourier transform procedure: various checks were made by FT the data with different Q max , and the shoulder never disappeared. The third peak is dominated by 6 Cu-O distance between atoms belonging to different networks as shown in Fig. 2 . These effects on the PDF can be due to a distortion in the tetrahedral units, with the solid angle of the tetrahedron changing, and thus producing two different Cu-Cu distances. This may affect the structure, at least locally, causing the development of the shoulder in the high-r region of the third peak (two different Cu-O distances). Fig. 4 (lower part) shows selected G(r)s of Ag 2 O at different temperatures. Even at the lowest temperature (10 K), the second peak in the G(r) is almost of the same height as the first one, and the broadening (and decrease in intensity) of the second and third peak is much faster with temperature than for copper oxide. Shoulders appear on both side of the second peak, while the shoulder on the high-r side of the third peak is already present at 10 K and grows very fast with temperature, becoming soon more intense than the original distance at about 4 Å (or moving to higher r with temperature). The origin of these effects on the PDF peaks may be related, also in this case, to a distortion in the tetrahedral units spreading locally in the structure. A structural refinement of the G(r) with PDFgui [12] starting from the undistorted crystal structure of Ag 2 O taken from literature [13] , showed that, even at the lowest temperature measured, there were some discrepancies between the ''crystallographic'' structure and the PDF data (Fig. 6) . As can be seen in the figure, the low-r region (below 8-10 Å ) shows a larger difference curve, revealing the presence of distortions in the local region unexplained by the crystallographic model used. As it can be seen in the figure, the fit in the higher r region proves to be much more satisfactory, showing that the distortions tend to affect the structure locally, within a few coordination shells. In the case of copper oxide, on the other hand, the PDF can be fitted with very good results by using the ''crystallographic'' structure, at least up to the temperature at which the first distortion starts to appear. The effect, however, is much smaller than in the case of silver oxide, as it can be clearly evinced from the bottom part of Fig. 6 .
Ag 2 O

Discussion: dynamic disorder vs static disorder
The results of the comparison between EXAFS and diffraction allow a better understanding of the dynamics of the cuprite structure, showing that neither the Cu-O bond nor the Ag-O bond are strong enough to form structural units behaving rigidly with temperature [1] . This was also confirmed by inelastic neutron scattering and lattice dynamics calculations [14] . The tetrahedral units tend to deform with temperature, and a certain degree of static disorder is present in the silver oxide structure. Moreover, Mittal and coworkers [14] showed that Cu-O and Cu-Cu bonds are stiffer than Ag-O and Ag-Ag, as already evidenced by the larger displacement correlation function found for copper oxide first and second coordination shells [1, 2] . The atom dynamics is almost fully understood: what needs developing and further study is the possible effect of static disorder on the vibrational properties of these materials, and hence on its thermal expansion behavior.
The analysis of the temperature-dependent PDF for copper and silver oxides illustrates the presence of geometric distortions in the structure of both oxides that develop with temperature, although starting at different temperatures in the two cases. For copper oxide, the distortion appears for the first time at around 200 K, corresponding to the inversion in the thermal expansion behavior. The presence of this distortion is not in contradiction with the fact that Cu 2 O ADPs showed a 0 K intercept compatible with zero point motion, as the deformation begins at high temperature, and no sign of static disorder is present in the low-temperature region [6] . In Ag 2 O, on the other hand, probably the same tetrahedral distortion appears at very low temperature (it is present even at 10 K), confirming the strong contribution of static disorder to the APDs at low temperature in silver oxide. These distortions become more distinct and a further spread in distances can be seen in the PDF at higher temperatures, clear signs of a larger degree of deformation in the structure. The specific nature of these distortions can only be supposed at present, as further analysis is necessary in order to better characterize which atoms are involved and how the structure evolves with temperature. Past studies can provide a good starting point, especially EXAFS data on the different thermal behavior of M-M distances contributing to the second shell. This can play a key role in understanding if the distortion comes from a bending of the M-M bond, i.e. a change in the solid angle of the tetrahedral units or from a shortening of the distance between the two networks. What is clear from PDF analysis is that the four M-O bonds within the tetrahedron, all remain equal with temperature for both the oxides. Moreover, a comparison between the shape of the first peak compared to the others shows that in the experimental PDF (Fig. 4 ) the first peak is much sharper than the others, while it is not in the simulated ones (Fig. 5) , where motion correlations are neglected [15, 16] . This confirms the results of the EXAFSdiffraction approach [1, 2] , as well as those from lattice dynamics calculations [14] . From these preliminary results, it is still not clear which is the relationship of the structural distortions with the thermal behavior of the two oxides, but there seems to be a correlation between the appearance of the first signs of distortion in Cu 2 O and the inversion temperature (at 200 K Cu 2 O starts to expand), so copper oxide thermal behavior is not coming only from normal atom dynamics, as supposed until now. The structural distortions in silver oxide are much more evident even at very low temperature and suggest that the local structure has lower symmetry than the average structure. This can certainly play a role in the thermal expansion of the structure, when coupled with the strong transverse vibrations of bridging atoms typical of this structure, but also can play a role in the appearance of the phase transition at low temperature, observed in other Ag 2 O samples. A more detailed study of the PDF evolution with temperature is necessary to better understand the nature of the distortions and their relationship with the thermal behavior of the materials.
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